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The RNA exosome is a multisubunit 30 to 50
exoribonuclease complex that participates in
degradation and processing of cellular RNA.
To determine the activities and structure of the
eukaryotic exosome, we report the reconstitu-
tion of 9-subunit exosomes from yeast and
human and reconstitution of 10- and 11-subunit
exosomes from yeast. Comparative biochemi-
cal analysis between purified subunits and re-
constituted exosomes using AU-rich, polyade-
nylated (poly[A]), generic, and structured RNA
substrates reveals processive phosphorolytic
activities for human Rrp41/Rrp45 and the 9-
subunit human exosome, processive hydrolytic
activities for yeast Rrp44 and the yeast 10-sub-
unit exosome, distributive hydrolytic activities
for Rrp6, and processive and distributive hydro-
lytic activities for the yeast 11-subunit exosome.
To elucidate the architecture of a eukaryotic
exosome, its conserved surfaces, and the struc-
tural basis for RNA decay, we report the X-ray
structure determination for the 286 kDa nine-
subunit human exosome at 3.35 A˚.
INTRODUCTION
RNA abundance is regulated by balancing transcription
and RNA degradation, processes that control the temporal
and spatial distribution of cellular RNA (Moore, 2005;
Wilusz and Wilusz, 2004). In eukaryotic cells, mRNA decay
is catalyzed by two major pathways, and both can be initi-
ated by deadenylation of the polyadenylated (poly[A]) tail
(Coller and Parker, 2004). After decapping, 50 to 30 RNA
degradation is accomplished by Xrn1, a 50 to 30 exoribonu-
clease. In the 30 to 50 pathway, RNA degradation is cata-
lyzed by a multisubunit 30 to 50 exoribonuclease complex
termed the RNA exosome (Mitchell et al., 1997; Hilleren
and Parker, 1999; Wang and Kiledjian, 2001). In addition
to its role in decay, the exosome also participates in RNACellprocessing of small nucleolar and small nuclear RNAs
(snoRNAs, snRNAs) and ribosomal RNAs (rRNAs)
(Allmang et al., 1999; van Hoof et al., 2000). Exosome
activities are presumably regulated through association
with complexes such as Ski7p and the Ski2p/Ski3p/
Ski8p complex (Araki et al., 2001; Anderson and Parker,
1998) and TRAMP, a multisubunit polymerase complex
that primes structured RNA for degradation (LaCava
et al., 2005; Vanacova et al., 2005; Wyers et al., 2005).
The eukaryotic RNA exosome is composed of 9–11 dis-
tinct gene products, several of which share sequence
similarity to bacterial 30 to 50 exoribonucleases. Six exo-
some subunits, Rrp41, Rrp42, Rrp43 (OIP2 human),
Rrp45 (PM/Scl-75 human), Rrp46, and Mtr3, share as
much as 20%–30% sequence identity to E. coli RNase
PH and PNPase PH domains, two processive, phosphoro-
lytic 30 to 50 exoribonucleases that activate inorganic phos-
phate as a nucleophile to release ribonucleoside 50 diphos-
phate products. Three additional exosome subunits, Csl4,
Rrp4, and Rrp40, include S1 or KH domains, which are
postulated to bind RNA. The tenth yeast exosome subunit
is Rrp44, a processive hydrolytic exoribonuclease that
shares sequence similarity to E. coli RNase R and RNase
II (Mitchell et al., 1997; Cheng and Deutscher, 2005). While
Rrp44 is an integral component of the yeast exosome,
human Rrp44 (Dis3) is not present in human exosome
preparations (Allmang et al., 1999; Raijmakers et al.,
2004). The tenth human subunit and eleventh yeast subunit
is Rrp6 (PM/Scl-100 human), a distributive hydrolytic
exoribonuclease that shares sequence similarity to E. coli
RNase D (Burkard and Butler, 2000). Rrp6 is associated
with nuclear exosomes in yeast and human, although
Rrp6 may not be restricted to the nucleus (Graham et al.,
2006).
Several recent studies have substantiated similarities
between archaeal exosomes and bacterial PNPase.
Archaeal exosomes are formed by oligomerization of four
gene products, Rrp41, Rrp42, Csl4, and Rrp4. Stable
six-subunit rings can be formed by three Rrp41/Rrp42 het-
erodimers (Lorentzen et al., 2005), although nine-subunit
exosomes can also be formed by capping the ring with
three copies of Csl4 and/or Rrp4 (Evguenieve-Hackenberg
et al., 2003; Buttner et al., 2005). Akin to PNPase127, 1223–1237, December 15, 2006 ª2006 Elsevier Inc. 1223
(Symmons et al., 2000), Rrp41/Rrp42 heterodimers form
three composite active sites that face the interior of the
ring. Access to the phosphorolytic chamber is limited to
single-stranded substrates that are able to fit through a
narrow pore at the ‘‘top’’ of the complex near surfaces
that interact with Csl4 and/or Rrp4.
Based on these and other studies, several models for
eukaryotic exosomes have been proposed (Aloy et al.,
2002; Raijmakers et al., 2002; Estevez et al., 2003; Hernan-
dez et al., 2006; Lorentzen and Conti, 2006). The emerging
consensus is that eukaryotic exosomes also form six-sub-
unit PH-domain rings (Rrp41, Rrp45, Rrp46, Rrp42, Rrp43,
and Mtr3) that are capped by S1 proteins (Csl4, Rrp4, and
Rrp40). It has been suggested that Rrp44 and Rrp6 interact
with the ‘‘bottom’’ of the PH-ring, surfaces opposite to
those that interact with Csl4, Rrp4, and Rrp40 (Hernandez
et al., 2006). Although yRrp41 and hRrp43 have reported
phosphorolytic activity (Mitchell et al., 1997; Jiang and
Altman, 2002), structure-based alignments indicate that
many putative phosphorolytic active sites in eukaryotic
subunits are not conserved, suggesting that eukaryotic
exosomes have diverged from their bacterial and archaeal
exosome cousins (Lorentzen and Conti, 2005). In addition,
affinity-purified eukaryotic exosomes exhibit weak in vitro
RNase activity, so it remains a mystery as to whether indi-
vidual exosome subunits contribute to RNase activities, to
substrate recruitment, or to the structural integrity of the
exosome core.
To clarify issues pertaining to the activities and structure
of the eukaryotic exosome, we present the expression, re-
constitution, and catalytic activities for known S. cerevi-
siae exosome proteins, including a 9-subunit exosome
(yExo9), a cytoplasmic 10-subunit exosome (plus Rrp44;
yExo10), and an 11-subunit nuclear exosome (plus Rrp6;
yExo11). We also report the expression, reconstitution,
and catalytic activities for human exosome subunits, in-
cluding a human nine-subunit cytoplasmic exosome
(hExo9). X-ray structure determination remains a useful
tool toward understanding complex biochemical assem-
blies and processes. To this end, we report the 3.35 A˚
structure of the reconstituted 286 kDa nine-subunit human
exosome containing Rrp41, Rrp45 (PM/Scl-75), Rrp42,
Mtr3, Rrp43 (OIP2), Rrp46, Rrp4, Rrp40, and Csl4.
RESULTS AND DISCUSSION
Cloning, Expression, and Reconstitution of Human
and Yeast Exosomes
Coding regions were PCR amplified to enable expression
of each protein alone or by coexpressing native or affinity
tagged subunits to assess interactions through copurifica-
tion (Table S1). Coexpression and purification suggested
stable interactions for hRrp41/Rrp45 and hMtr3/Rrp42.
Although hRrp46 and hRrp43 did not copurify under any
conditions tested, we isolated a stable three-subunit
complex containing hRrp43/Mtr3/Rrp42. Human Rrp4,
hRrp40, and hCsl4 were expressed individually, and hRrp43
and hRrp46 were expressed as N-terminal small ubiqui-1224 Cell 127, 1223–1237, December 15, 2006 ª2006 Elsevier Itin-like modifier fusions to enhance expression and solu-
bility (Mossessova and Lima, 2000). Human Rrp6 and
hRrp44 were expressed, although only hRrp6 could be
isolated as a soluble protein. Coexpression and purifica-
tion of yeast exosome subunits suggested interactions
for yRrp41/Rrp45 and yMtr3/Rrp42 (noted previously, Lor-
entzen et al., 2005), but in contrast to hRrp46, yRrp46 inter-
acted with yRrp43, enabling copurification of this pair.
Soluble expression was achieved for all other yeast sub-
units, including yRrp44 and yRrp6. Each preparation was
purified to relative homogeneity by gel filtration or ion ex-
change chromatography prior to exosome reconstitution
(Experimental Procedures).
Based on two-hybrid data and the hypothesis that eu-
karyotic exosome PH-domain rings are similar to PNPase
or archaeal exosomes, we endeavored to assemble a six-
subunit core using three 41-like subunits (Rrp41, Rrp46,
and Mtr3) and three 42-like subunits (Rrp45, Rrp43, and
Rrp42). Human Rrp46 was combined with hRrp41/Rrp45
and hRrp43/Mtr3/Rrp42, dialyzed overnight against re-
constitution buffer, and applied to a gel filtration column
(Figures 1A and 1B). We also attempted to assemble the
yeast six-subunit complex using yRrp41/Rrp45, yMtr3/
Rrp42, and yRrp46/Rrp43 (Figures 1F and 1G). In neither
instance did the six subunits associate into a complex
but rather migrated on gel filtration as individual subunits
or subcomplexes. In contrast to archaeal exosomes,
human and yeast exosomes are not established by stable
six-subunit complexes.
We next attempted to assemble yeast and human nine-
subunit exosomes (yExo9 or hExo9). Human Csl4, hRrp4,
and hRrp40 were mixed with hRrp41/Rrp45, hRrp46, and
hRrp43/Mtr3/Rrp42 as above. Consistent with formation
of a nine-protein complex, the apparent molecular weight
(350 kDa) was consistent with the predicted mass, and
SDS-PAGE analysis confirmed that peak fractions con-
tained each of the nine proteins (Figure 1C). The nine-sub-
unit yeast exosome was reconstituted by mixing yRrp40,
yRrp41/Rrp45, yMtr3/Rrp42, yRrp46/Rrp43, yRrp4, and
yCsl4. Substoichiometric quantities of yRrp46 were pres-
ent due to degradation, so yRrp46/Rrp43 was added in
excess. Gel filtration yielded a monodisperse peak consis-
tent with formation of the nine-protein complex insomuch
as the apparent molecular weight (400 kDa) corre-
sponded to the predicted mass and all nine proteins
were present in the peak (Figure 1H).
The yeast cytoplasmic exosome (yExo10) was reconsti-
tuted by adding yRrp44 to the nine proteins described
above. A monodisperse peak eluted prior to the position
for yExo9, consistent with an apparent molecular weight
of 500 kDa and inclusion of one 115 kDa yRrp44 subunit
(Figure 1I). The yeast nuclear exosome (yExo11) was re-
constituted by adding yRrp6 to the ten proteins described
above. A monodisperse peak was observed prior to the
position for yExo10, consistent with an apparent molecular
weight of 600 kDa and inclusion of one 85 kDa Rrp6
subunit (Figure 1J). Peak fractions were analyzed by SDS-
PAGE. These data support the conclusion that a minimalnc.
Figure 1. Reconstitution of Human and Yeast Exosomes
(A) Gel-filtration profiles for human exosomes including hExo6, hExo9, and two hExo9 complexes, including mutant hRrp41 or hRrp45.
(B–E) SDS-PAGE analysis of fractions obtained for (B) hExo6, (C) hExo9, (D) hExo9-Rrp41 (T133A, Y134L), and (E) hExo9-Rrp45 (R104N, R111N).
(F) Gel-filtration profiles for yeast exosomes, including yExo6, yExo9, yExo10, and yExo11.
(G–J) SDS-PAGE analysis of fractions obtained for (G) yExo6, (H) yExo9, (I) yExo10, and (J) yExo11. Excess yRrp43 is apparent in (H–J). Leftmost lane
includes the load with subunit positions labeled. Molecular weight (MW) markers are shown in second lane, labeled at right. Gels are stained with
Sypro (B–G) or Coomassie blue (H–J). Position, identity, and apparent MW for gel-filtration standards are indicated below panels (A) and (F).human or yeast exosome is composed of a nine-subunit
complex.
Structure Determination of the Human Exosome
We obtained crystals for hExo9 that contained one com-
plex in the asymmetric unit (286 kDa). Data collection
was enabled by high intensity X-rays, large CCD detectors,
and thin V slicing (0.2–0.4), all of which were available
at beamlines 23ID GM/CA-CAT or 24ID NE-CAT at the
Advanced Photon Source (Table 1; Experimental Proce-
dures). To facilitate phasing, crystals were treated with
tantalum bromide, a heavy atom cluster containing six
tantalum atoms surrounded by twelve bromine atoms.
Patterson and anomalous difference Fourier analysis iden-
tified 11 Ta6Br12 clusters and 66 individual tantalum posi-
tions (Figure S1A). To improve phasing and identify subunit
locations, hCsl4, hRrp4, and hRrp40 were substituted with
selenomethionine (SeMet), reconstituted, purified, and
crystallized. Fifteen selenium peaks were identified (Fig-
ure S1B) and combined with Ta6Br12 and native data to
calculate phases. Guided by in vitro copurification data
and sequence differences amongst subunits (Figure S2),
we modeled hRrp41, hRrp45, hRrp42, hMtr3, hRrp43,Cell 1and hRrp46 into electron density. Guided by SeMet
positions, hCsl4, hRrp4, and hRrp40 were modeled into
electron density. To improve phasing and confirm positions
for the six PH-domain proteins, SeMet hRrp41/Rrp45 was
reconstituted into hExo9 and crystallized. Twelve selenium
positions were subsequently identified (Figure S1C).
Model building utilized electron density maps calculated
from experimental phases after solvent flattening, simu-
lated annealing omit maps with B factor sharpening
(Brunger et al., 1998), and maps generated by phase com-
bination (SIGMAA; CCP4, 1994) and prime-and-switch
phasing (RESOLVE; Terwilliger, 2003) (Figures S1D–S1F).
Model evaluation was aided by archaeal exosome struc-
tures since many domains share similar folds (Lorentzen
et al., 2005; Buttner et al., 2005). The current model for
hExo9 includes all nine polypeptides, encompassing
2213 amino acids (aa) out of 2575 possible (including
tags). Refinement utilized phase and phi-psi restraints for
defined secondary structural elements (Chen et al., 2005)
and new scaling algorithms within CNS version 1.2
(Brunger et al., 1998; DeLaBarre and Brunger, 2006;
A. Brunger, personal communication). The R and Rfree
are currently 0.29 and 0.34 from 15-3.35 A˚ (Table 1).27, 1223–1237, December 15, 2006 ª2006 Elsevier Inc. 1225
Table I. Crystallographic Data and Refinement Statistics
Data Statistics Native TaBr SeMet (c4/r4/40) SeMet (41/45) SeMet (41/45)
PDB ID 2NN6
Source APS 24ID APS 23ID APS 23ID APS 24ID APS 24ID
Wavelength (A˚) 0.9809 0.9792 0.9792 0.9792 0.9762
Resolution (A˚) 35-3.35 (3.47-3.35) 35-3.45 (3.57-3.45) 35-3.45 (3.57-3.45) 35-3.45 (3.57-3.45) 35-3.45 (3.57-3.45)
Space group P432 P432 P432 P432 P432
Unit cell (A˚) 307.8 308.2 307.8 307.6 307.3
Observations 374202 327179 318589 513929 472242
Unique reflections 69964 110462* 114665* 119350* 116674*
Redundancy 5.3 (2.9) 3.0 (2.1)* 2.8 (1.9)* 4.3 (2.6)* 4.0 (2.2)*
Completeness (%) 97.8 (95.5) 91.7 (87.2)* 91.5 (83.4)* 96.9 (92.7)* 94.8 (88.4)*
Mean I/sI 10.5 (1.6) 9.0 (2.4)* 10.5 (2.5)* 4.8 (1.6)* 4.4 (1.6)*
R-merge on Ia 0.08 (0.43) 0.13 (0.46)* 0.09 (0.45)* 0.11 (0.39)* 0.12 (0.40)*
Cut-off criteria I/sI 0 1 1 0 0
Phasing statistics
Resolution limits (A˚) 25-3.45 (3.67-3.45)
MFID (%)b 0.30 0.13 0.13 0.15
Phasing powerc 0.66/0.44 0.11/0.07 0.57/0.35 0.56/0.34
Mean FOM 0.335 (0.189)
Mean FOM (DM) 0.442 (0.292)
Mean FOM (DM mask) 0.534 (0.434)
Refinement statistics
Resolution limits (A˚) 15-3.35 (3.47-3.35)
Number of reflections 69115
Completeness (%) 97.7 (93.3)
Cutoff criteria I/sI 0
Protein atoms 16841
Rcrystd 0.292 (0.347)
Rfree (5% of data) 0.344 (0.397)
Bonds (A˚)/Angles ()e 0.01/1.60
Average B factor mc/scf 111/116
Numbers in parentheses indicate statistics for the high-resolution data bin for X-ray and refinement data. *Data statistics treats
Bijvoe¨t mates independently. SeMet (c4/r4/40) indicates SeMet substitution for Csl4, Rrp4, and Rrp40. SeMet (41/45) indicates
SeMet substitution for Rrp41 and Rrp45.
a Rmerge =
P
hkl
P
ijI(hkl)i  <I(hkl)>j/PhklPi <I(hkl)i>.
b MFID (mean fractional isomorphous difference) = SjjFphj-jFpjj/ SjFpj.
c Phasing power = root-mean-square (jFhj/E), where jFhj = heavy-atom structure factor amplitude and E = residual lack of closure
error. Acentric/Centric reported for each derivative.
d Rcryst =
P
hkl jFo(hkl)  Fc(hkl)j/
P
hkl jFo(hkl)j, where Fo and Fc are observed and calculated structure factors, respectively.
e Values indicate root-mean-square deviations in bond lengths and bond angles.
f Average B factors for main chain (mc) and side chain (sc).Architecture and Subunit Interactions
within the Human Exosome
The hExo9 structure reveals locations for each of the nine
polypeptides in the complex (Figure 2). Human Rrp41,1226 Cell 127, 1223–1237, December 15, 2006 ª2006 ElsevierhRrp45, hRrp46, hRrp43, hMtr3, and hRrp42 form a PH-
domain ring, akin to that observed for PNPase, RNase
PH, and the archaeal exosome (Figure 3). Human Rrp41,
hRrp46, and hMtr3 are more similar to the catalyticallyInc.
active PNPase PH domain and to archaeal Rrp41, while
hRrp45, hRrp43, and hRrp42 are more similar to the cata-
lytically inert PNPase PH domain and archaeal Rrp42. As
such, human PH-domain proteins can be classified as ei-
ther 41-like or 42-like. Consistent with yeast and human
copurification data, hRrp41/Rrp45, hRrp46/Rrp43, and
hMtr3/Rrp42 form three 41/42-like heterodimers. Interac-
tions between hRrp45-Rrp46, hRrp43-Mtr3, and hRrp42-
Rrp41 are apparently stabilized by the S1 domain proteins
hCsl4, hRrp4, and hRrp40 which bridge these subunits. As
such, hRrp40 interacts with hRrp45 and hRrp46, hRrp4
interacts with hRrp41 and hRrp42, and hCsl4 interacts
with hMtr3 and hRrp43. Only a few contacts occur be-
tween hRrp43 and hCsl4, perhaps consistent with our abil-
ity to obtain hRrp43/Mtr3/Rrp42 as a stable complex in the
absence of hCsl4 (buried surface areas indicated in Fig-
ure 2C). Minimal contacts were observed between hCsl4
and hRrp40 (burying only 100 A˚2 of total surface area).
The human PH-domain proteins share many similarities,
although each contains unique sequence and structural
differences (see below). One defining feature for hRrp45
is its C-terminal tail, a 180 aa extension that is conserved
in higher eukaryotes (Figure S2). This extension forms an
interface with hRrp46 before wrapping around both
hRrp46 and hRrp43 via an extended helix (Figure 2A).
Although we were unable to assign sequence to the ex-
tended helix and could not detect the last 120 C-terminal
aa, we are confident in the hRrp45 model up to aa 302,
since Met298 was confirmed by selenium substitution
(Figure S1C).
The N-terminal (NT) and S1 domains of hCsl4, hRrp4,
and hRrp40 interact with hMtr3, hRrp41, or hRrp46, re-
spectively, while S1 and KH domains of hRrp4 and
hRrp40 make extensive contacts to hRrp42, and hRrp45,
respectively (Figures 2 and 3). With the exception of the
hCsl4 S1 domain, each domain interacts with the six-sub-
unit PH-ring. Human hCsl4 also includes a small C-termi-
nal domain of 30 aa that shares similarity to archaeal
Csl4, although hCsl4 does not contain zinc. Human Rrp4
and hRrp40 exhibit similar fold topology, but notable differ-
ences were observed within KH domains, especially for
hRrp4 (Figure 3A). Structure-based alignments now sug-
gest that hRrp4 and hRrp40 do not possess the signature
KH domain GxxG motif but instead share other similarities
throughout the KH domain (Figure S2). Akin to archaeal
Csl4 and Rrp4 (Buttner et al., 2005), hCsl4, hRrp4, and
hRrp40 do not contain any recognizable catalytic motifs.
Asymmetry and Conserved Surfaces
Archaeal exosomes and PNPase form symmetric com-
plexes, but human and yeast exosomes are composed
of nine distinct subunits. To form a complex with correct
stoichiometry, each subunit must interact with, and in
turn present, unique surfaces to adjacent subunits. The in-
terface between 41/42-like subunits in hRrp41/Rrp45,
hMtr3/Rrp42, and hRrp46/Rrp43 involves similar struc-
tural motifs but utilize differences in aa composition to
form mutually exclusive surfaces (Figures 3C and S2).CellFor example, extensive contacts are observed between
hRrp41 (195–215 aa) and hRrp45 (230–250 aa). These
segments are highly conserved within Rrp41/Rrp45 PH-
domain subfamilies. The same region in Mtr3/Rrp42 and
Rrp46/Rrp43 subfamily members reveals a similar level
of conservation within their interfaces, albeit with different
aa content. As such, it appears that these surfaces have
coevolved to favor interaction with the ‘‘correct’’ hetero-
dimer partner while repelling the ‘‘wrong’’ heterodimer
partner.
A similar mechanism is used to ensure complementarity
between adjacent heterodimers (hRrp45-Rrp46, hRrp43-
Mtr3, and hRrp42-Rrp41). In addition to conserved aa sub-
stitutions, insertions or deletions were observed in loops
that mediate intersubunit contacts, resulting in rotational
and angular differences between these domains (Figures
2 and 3C). For example, contacts formed via conserved
and extended loops in the interfaces between hRrp41-
hRrp43 and hMtr3-hRrp42 are replaced by a conserved
9 aa deletion near Arg81 in Rrp46 family members, thus
generating a unique interface between hRrp46-hRrp45
(Figure 3C).
Interactions between the PH-domain ring and S1 pro-
teins are mediated by highly conserved surfaces buried
between the top of the PH-ring and bottom of the S1 pro-
teins (Figure 4A). As before, these surfaces are highly
conserved within respective subfamilies but are optimized
to complement interactions with correct partners while
disfavoring interactions with other potential partners (Fig-
ures 4 and S2). The conservation and extensive buried
surface areas observed between the six-subunit ring and
S1-domain proteins suggest that eukaryotic exosomes
have evolved to require all nine subunits to form a stable
complex, consistent with our inability to form stable six-
subunit PH rings in the absence of Csl4, Rrp4, or Rrp40.
It is instructive to analyze the human structure with re-
spect to mutations that have been obtained in yeast for
Rrp4, Csl4, Rrp41, and Rrp43. While some occur in loca-
tions predicted to destabilize a fold (rrp4-1 and Csl4
ski4-1), others occur near intersubunit contacts (Figure S2).
Yeast rrp4-1 includes L136P substitution within the S1
domain b strand and hydrophobic core, and yeast Csl4
(ski4-1) includes a G253E substitution in a hydrophobic
pocket between the S1 and C-terminal domain. In rrp41-1
(L198W and L232Q), L198W is located near the Rrp41/
Rrp45 interface and L232Q is proximal to the Rrp41-
Rrp4 interface. In both instances, it appears that mutations
could alter subunit association rather than protein stability.
Several mutations have also been isolated for yeast Rrp43,
including rrp43-1 (V212A), rrp43-2 (C230Y, I274T, and
C276Y), and rrp43-3 (S162F and A246T). While C230Y
occurs in a hydrophobic core, many other mutations map
to the bottom of the PH-domain ring, suggesting the
potential importance of this surface in exosome function.
We mapped sequence conservation to the hExo9 struc-
ture to investigate if other conserved surfaces were pre-
sented on the exterior of the complex, either for substrate
interaction or cofactor recruitment (Figure 4B). Inspection127, 1223–1237, December 15, 2006 ª2006 Elsevier Inc. 1227
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of hRrp40, hCsl4, and hRrp4 surfaces on the top of the
exosome reveal conserved surfaces exposed to solvent,
primarily restricted to their respective S1 domains. This
is particularly interesting because these domains surround
the proposed route for substrate access to the central
channel and putative active sites. Inspection of the bottom
exosome surface reveals more variation, especially for
hRrp42, hMtr3, hRrp43, and hRrp46 subunits. However,
one surface near hRrp41 and hRrp45 exhibited conserva-
tion (Figure 4B), the importance of which will become
evident in subsequent sections.
Activities of Human and Yeast Exosomes
The individual yeast and human exosome proteins that
form the nine-subunit exosome were assayed for hydro-
lytic and phosphorolytic activities using AU-rich and
generic RNA substrates (Table S1 and Figure 4A; Experi-
mental Procedures). Activities were not observed for any
individual protein tested, although some weak phosphoro-
lytic activity was detected for hRrp41, albeit after long
incubations (not shown). Hydrolytic exoribonuclease
activities were reported for yRrp4 (Mitchell et al., 1997),
although we were unable to detect any activity for yeast
or human Csl4, Rrp4, or Rrp40, a result consistent with
our structures, which did not reveal catalytic signatures
within these proteins. We next assessed activities for re-
spective RNase PH-domain 41/42-like heterodimers.
Human Rrp41/Rrp45 exhibited processive phosphate-
dependent activity, producing an RNA product of approx-
imately 4–5 nucleotides (nt) (Figure 5A), consistent with
products formed by bacterial PNPase (Figure S3). Phos-
phorolytic activity was not detected for any other yeast
or human heterodimer, including yRrp41/Rrp45 (Figure 5A;
Table S1). Activities for both human and yeast Exo9 com-
plexes were determined next. Processive phosphorolytic
activities were detected using hExo9, suggesting that
hRrp41/Rrp45 activities are not restricted by assembly
into the exosome when an AU-rich substrate is used (Fig-
ures 5A and 5C). Consistent with the absence of detect-
able activities for individual yeast proteins, no activity
was observed for yExo9 (Figure 5A). While activity was
detected for hExo9, it is worth noting that activity was
below (60 fold) that observed for bacterial PNPase under
similar conditions (Figure S3).
To probe exosome subunits for features that could ex-
plain our biochemical results, we compared structures of
the human complex with substrate bound archaeal exo-
some structures (Lorentzen and Conti, 2005). Archaeal
exosome and PNPase phosphorolytic active sites are
composed of a metal binding site, a phosphate binding
site, and an RNA binding site. As previously noted, the
hRrp41 phosphate binding site appears intact, but analo-Cell 1gous positions within hMtr3 and hRrp46 and the yeast ho-
mologs are not conserved and are not predicted to bind
phosphate (Figure 5D) (Lorentzen and Conti, 2005). While
human and yeast Rrp41 retain conserved basic residues
that are proposed to contribute to RNA binding, these
motifs are not conserved in hMtr3 or hRrp46 or their yeast
counterparts. In addition, basic residues in the 42-like
subunits (Rrp42, Rrp43, and Rrp45) that contribute to the
RNA binding surface are only conserved in Rrp45 family
members. Taken together, these observations are consis-
tent with the lack of biochemical activity detected for
respective human or yeast PH domains or yExo9. While
yRrp41/Rrp45 did not possess catalytic activity, con-
served surfaces were revealed near the putative RNA bind-
ing site (Figure 4B), suggesting that other Rrp41/Rrp45
subfamily members might maintain the ability to bind RNA.
Several attempts were made to obtain structures with
bound RNA, but none were successful. As an alternative,
tungstate was utilized to locate potential phosphate or
RNA binding sites (Lima et al., 1997; Buttner et al., 2005).
No electron density was detected in any of the three phos-
phorolytic active sites; however, electron density was
observed within the putative hRrp41/Rrp45 RNA binding
site (Figure 5E). No tungstate ions were identified on sur-
faces of either hMtr3/Rrp42 or hRrp46/Rrp43, consistent
with the lack of complementary electrostatics and bio-
chemical activity observed for these subunits (Figure 5F;
Table S1). Tungstate ions were located in two additional
sites on the exosome surface, but we are still in the
process of determining their relevance with respect to
exosome activity.
To probe structure-activity relationships for the human
exosome, we constructed conservative mutations in the
predicted hRrp41 active site (T133A and Y134L) or the
RNA binding surfaces of hRrp41 (R94V and K95A) or
hRrp45 (R104N and R111N) by changing hRrp41 or
hRrp45 residues to those observed in hMtr3 or hRrp42,
respectively (Figure 5D). Mutants were coexpressed and
purified with respective wild-type partners. Mutations in
the hRrp41 active site or proposed hRrp41 or hRrp45
RNA binding surfaces resulted in no detectable activity
for respective mutant heterodimers (Figure 5B). To confirm
these results in the intact exosome, we reconstituted
hExo9 complexes containing either hRrp41 (T133A and
Y134L) or hRrp45 (R104N and R111N) (Figure 1D and E).
In both instances, 30 to 50 exoribonuclease activity was
abolished in comparison to wild-type (Figure 5C). In con-
trast to bacterial PNPase and archaeal exosomes, which
include three equivalent phosphorolytic active sites within
a six-subunit core, these data suggest that hExo9 contains
only one phosphorolytic active site (hRrp41/Rrp45), and
yExo9 does not possess comparable activities.Figure 2. Overall Structure and Subunit Contacts
(A and B) Surface representation of hExo9 depicting opposing views from (A) sides, (B) top (left), and bottom (right).
(C) Surface and ribbon representation of hExo9 blown up to visualize the complex as viewed from the top (B; left). Total buried surface areas between
respective subunits (Brunger et al., 1998) indicated numerically and by arrows. Color-coded labels are adjacent to each subunit. Graphics are pre-
pared with PyMOL (DeLano, 2002).27, 1223–1237, December 15, 2006 ª2006 Elsevier Inc. 1229
Figure 3. Subunit Architecture, Domains, and Domain Organization
(A) Ribbon representation for hRrp41/Rrp45 (top), hRrp4 and hRrp40 (middle), and hCsl4 (bottom). Subunits are labeled and color coded as in
Figure 2.
(B) Ribbon representation for S. solfataricus Rrp41/Rrp42 (top),A. fulgidus Rrp4 (middle), and Csl4 (bottom). Positions for N-terminal (NT), S1, and KH
domains are indicated in middle and bottom panels.
(C) Ribbon representation of human PH-domain heterodimers depicting intersubunit contacts to adjacent 41-like domains. Angular offsets and
rotations are highlighted by a black line (angle) and arrows (rotation axis). Bottom panels depict close-up views of the respective interfaces to illus-
trate differences in loop length and conformation that form the intersubunit interface (see text).Exoribonuclease activity was not detected for yExo9,
so activities were determined for yRrp44 and yRrp6 alone
or as reconstituted 10- (yExo10) or 11-subunit (yExo11)
exosomes (Figure 6A). Yeast Rrp44 exhibited processive
30 to 50 exoribonuclease activity, consistent with previous
reports (Mitchell et al., 1997). Although slightly diminished,1230 Cell 127, 1223–1237, December 15, 2006 ª2006 Elseviersimilar activities were observed for yExo10. Yeast Rrp6
exhibited distributive activity, consistent with previous
reports (Burkard and Butler, 2000). Similar activities were
observed for human Rrp6 (not shown). Products gener-
ated by yExo11 were consistent with a combination of
both distributive Rrp6 and processive Rrp44 activities,Inc.
Figure 4. Conservation of the Exosome Surface
(A) The six-subunit PH-domain ring and S1-domain ring opened to expose and highlight conserved surfaces between respective rings.
(B) Conserved surfaces of the intact hExo9 complex depicting the top and bottom of the exosome as projected in Figure 2B. Sequence conservation
is colored from red (variable) to blue (conserved) as calculated with ConSurf (Landau et al., 2005) from manually assembled sequence alignments
provided in Figure S2.suggesting that both contribute to yExo11 activity. No
differences were detected with addition of phosphate,
suggesting that yExo10 and yExo11 activities were attri-
butable to the activities of yRrp44 and yRrp6.
Substrate Preferences for Yeast and Human
Exosomes
Three 49 nt substrates were synthesized that included an
RNA containing AU-rich sequence derived from the TNF-a
30 UTR, poly(A) sequence, or generic sequence derived
from the pCDNA3 polylinker (Wang and Kiledjian, 2001),
a substrate predicted to contain extensive secondary
structure. Substrates of mixed sequences were also gen-
erated and included generic RNA (29 nt) followed by
poly(A) (20 nt), AU-rich RNA (29 nt) followed by poly(A)
(20 nt), and generic RNA (29 nt) followed by AU-rich
sequence (20 nt) (Figure S4).Cell 1Human Rrp41/Rrp45 and hExo9 degraded nearly all
of the AU-rich RNA after 80 or 40 min, respectively. In
comparison, only a small amount of either poly(A) or
generic sequence was degraded after 160 min, although
slightly higher activities were observed for hExo9 in each
instance (Figure 6). These data are consistent with previ-
ous studies that suggested human Rrp41/Rrp45 preferen-
tially bound poly(U) or AU-rich RNA (Anderson et al.,
2006). Yeast Rrp44, yExo10, yRrp6, and yExo11 also pre-
ferred the AU-rich substrate. While RNA degradation was
nearly complete for yRrp44 and yExo10 after 2 or 8 min,
respectively, yRrp6 and yExo11 degraded this substrate
after 1–2 min. For the poly(A) substrate, both yRrp44 and
yExo10 were relatively inefficient, while yRrp6 and
yExo11 degraded this substrate in a distributive manner
to nearly half its mean length after 4–8 min. Interest-
ingly, yRrp44 exhibited processive activity through the27, 1223–1237, December 15, 2006 ª2006 Elsevier Inc. 1231
Figure 5. Phosphate-Dependent Activities of the Exosome
(A) Assays for indicated human and yeast exosome subunits and complexes.
(B) Assays for hRrp41/Rrp45 heterodimers containing mutations in either hRrp41 or hRrp45.
(C) Phosphate-dependent activity of hExo9 (left), hExo9 (Rrp41-T133A, Y134L), and hExo9 (Rrp45-R104N, R111N).
(D) Sequence alignment between 41/42-like subunits indicating aa important for phosphate or RNA binding.
(E) Ribbon and stereo diagram of the hRrp41/Rrp45 active site, color coded and labeled as before. The orange line represents the path of RNA
observed in RNA complexes with S. solfataricus Rrp41/Rrp42 (PDB 2C38). Tungstate positions indicated by electron density (native and anomalous
difference Fourier contoured at 4 s [blue] and 2.5 s [red], respectively).
(F) Surface representation and electrostatic potential (Nicholls et al., 1991) mapped onto Rrp41/Rrp45 (top), Rrp46/Rrp43 (middle), and Mtr3/Rrp42
(bottom). RNA modeled into the putative active sites for reference (from PDB 2C38).structured generic RNA while yRrp6 stalled (Figures 6C
and S4).
In general, each enzyme preparation preferred 30 AU-
rich substrates, although interesting differences were ob-
served in assays containing mixed substrates (Figures1232 Cell 127, 1223–1237, December 15, 2006 ª2006 Elsevier6D–6F; Figure S4), especially for those containing 30
poly(A). Whereas hExo9 and yExo11 exhibited activity on
AU-rich-poly(A), yExo10 exhibited little activity. In addi-
tion, neither hExo9 nor yExo10 exhibited notable activity
on generic-poly(A), while yExo11 degraded it quiteInc.
Figure 6. Comparative Activities and
Substrate Preference for Human and
Yeast Exosomes
(A–F) Time course and activities for hRrp41/
Rrp45, hExo9, yRrp44, yExo10, yRrp6, and
yExo11 with (A) AU-rich RNA, (B) poly(A) RNA,
(C) generic RNA, (D) generic-AU-rich RNA, (E)
AU-rich-poly(A) RNA, and (F) generic-poly(A).
Time points (min) and apparent size (nt) are in-
dicated at the top or right, respectively. RNA
sequences are provided in Figure S4.efficiently. Stable intermediates, consistent with RNA deg-
radation up to points of predicted secondary structure,
were observed in assays containing hRrp41/Rrp45,
hExo9, yRrp6, or yExo11.
Exosome Activities with Structured RNA Substrates
It has been proposed that structured substrates are re-
stricted from entry into the exosome phosphorolytic
chamber because they are unable to pass through the nar-
row pore at the top of the complex (Lorentzen and Conti,
2006). To assess eukaryotic exosome activities on struc-
tured substrates, we synthesized 49 nt RNA substrates
that contained a 20 nt GNRA stem loop (eight base pairs
plus a four nt loop) with 30 AU-rich extensions of either 5,
10, 20, or 29 nt (Figure S4).
Human Rrp41/Rrp45 and hExo9 required a 30 extension
of at least 10 nt to observe catalytic activity. With sub-
strates containing 20 or 29 nt extensions, the human
enzymes liberated 10 or 19 nt, respectively, leaving
behind substrates with 8–9 nt 30 extensions (Figure 7).
These results are consistent with previous reports inso-
much as archaeal exosomes also required a minimum
length of eight or nine bases 30 to the stem loop to observeCellactivity (Lorentzen and Conti, 2005). In that case, it was
presumed that the minimum substrate length was deter-
mined by the distance between the top of the exosome
pore and the phosphorolytic active site. However, archaeal
Rrp41/Rrp42 cannot be assayed independent of assembly
into six-subunit PH-domain rings. Since hRrp41/Rrp45
exists as a heterodimer in solution and does not form PH-
domain rings (Figure 1A), we were able to observe hRrp41/
Rrp45 activity before and after reconstitution into hExo9.
Since the minimal 30 extension required for hRrp41/
Rrp45 activity was similar to that required for hExo9 activ-
ity, and since this length is greater than the predicted
distance between the top of the exosome and the phos-
phorolytic active site, our data neither confirm nor refute a
model that requires substrates to pass through the pore
at the top of the exosome to access the active site. A
more definitive model for hExo9-substrate interactions
will have to wait until a structure of a substrate complex
is resolved. The minimal substrate length observed above
for structured RNA also correlates to that proposed for
substrates after deadenylation, suggesting that the exo-
some might be primed to interact with substrates of this
length (Beelman and Parker, 1995).127, 1223–1237, December 15, 2006 ª2006 Elsevier Inc. 1233
Figure 7. Comparative Activities Using Structured RNA Substrates
Time course and activities for hRrp41/Rrp45, hExo9, yRrp44, yExo10, yRrp6, and yExo11 using AU-rich substrates that include 20 nt GNRA stem
loops (Figure S4). The top of each column includes a cartoon depicting the location of the stem loop in each substrate. Protein identity indicated
at the top of respective gels. Time points (min) and apparent size (nt) indicated at top or right sides, respectively.Yeast Rrp44 exhibited processive activity on structured
RNA substrates, although the substrate containing a 5 nt 30
extension was protected from hydrolysis. While some in-
termediates were observed in yRrp44 assays containing
20 or 29 30 nt extensions, it appears that once yRrp44
grasps a free 30 end, it exhibits strong processive activity
through regions of stable secondary structure (Figure 7),
suggesting that yRrp44 is more functionally similar to
RNase R than RNase II since RNase R can degrade struc-
tured RNA while RNase II cannot (Cheng and Deutscher,
2005). In the context of yExo10, yRrp44 exhibited much
less activity against structured substrates, especially
when compared to its activity with AU-rich substrates
without GNRA stem loops (Figure 6A). This suggests that
substrates cannot access yRrp44 within yExo10, possibly
because the active site is occluded, because structured
substrates bind to surfaces far from yRrp44, or because
substrates are required to pass through yExo9 to access
yRrp44. Further biochemical analysis will be required to
characterize this observation.
The distributive exoribonuclease yRrp6 exhibited activ-
ity through 30 AU-rich extensions up to positions of sec-
ondary structure (Figure 7). The preference for unstruc-
tured substrates can also be appreciated in assays using
generic substrates that contain secondary structure and
are poor substrates for yRrp6 (Figures 6C, 6D, 6F, and
S4). In comparison to yRrp44, yRrp6 activities are only
slightly affected upon assembly into the exosome since1234 Cell 127, 1223–1237, December 15, 2006 ª2006 Elsevierthe overall pattern of intermediates and RNA products
were similar in assays containing yRrp6 or yExo11. These
data suggest that the yRrp6 active site remains accessible
to substrates when assembled into yExo11.
CONCLUSIONS
It is revealing that both cytoplasmic forms of human and
yeast exosomes exhibit processive activities on unstruc-
tured RNA. The human exosome, which is not known to
associate with hRrp44, is a processive phosphorolytic 30
to 50 exoribonuclease, and this activity is contained within
the hRrp41/Rrp45 active site. Whereas the yeast exosome
nine-protein core bears no activity, processive hydrolytic
activities were observed for yRrp44 and yExo10. Yeast
and human nuclear exosomes include Rrp6, and our
assays with yExo11 suggest that both distributive and
processive hydrolytic activities are present in the yeast
complex.
Some notable differences were observed when the
activities of individual subunits were compared to hExo9,
yExo10, and yExo11. For hRrp41/Rrp45 and hExo9,
hExo9 exhibited slightly higher activities, suggesting that
other exosome subunits might contribute to substrate
binding or to directing substrates to the hRrp41/Rrp45
active site. In the case of yRrp44 and yExo10, it appears
that several substrates cannot readily access the yRrp44
active site after reconstitution into yExo10. In contrast, itInc.
appears that the yRrp6 active site remains exposed in
yExo11, since it retains activity after reconstitution into
the exosome. Substrate titrations and further biochemical
characterization will be required to definitively quantify
these differences. While the activities of hExo9, yExo10,
or yExo11 vary with respect to processive versus distribu-
tive, or hydrolytic versus phosphorolytic, mechanisms, all
preferentially degraded RNA substrates that contain 30
AU-rich elements (ARE), domains that are often located
in 30 untranslated regions of eukaryotic mRNA transcripts
that are under tight regulation, such as proto-oncogenes
and cytokines (Chen et al., 2001).
Yeast Rrp6 degraded poly(A) substrates more efficiently
than other exosome components. However, yRrp6 was
unable to completely degrade substrates containing
stable RNA secondary structure. We believe these obser-
vations have implications for TRAMP-mediated exosome
decay pathways. TRAMP polymerase activities prime
structured RNA via polyadenylation to presumably facili-
tate interaction with the exosome or yRrp6. Since our
results suggest that yRrp6 has a difficult time degrading
structured RNA, it is tempting to suggest that poly(A) sub-
strates might first be trimmed by yRrp6 and then handed
off to yRrp44, since yRrp44 can degrade structured
RNA. However, our assays with yExo11 do not support
this conclusion, suggesting that other TRAMP compo-
nents, such as Mtr4 or Air, may play critical roles in this
process (LaCava et al., 2005; Vanacova et al., 2005; Wyers
et al., 2005).
The activities of reconstituted human and yeast exo-
somes suggest noncatalytic roles for most eukaryotic
exosome subunits; this is in contrast to many previous pre-
dictions and models, and while Rrp6 is dispensable for
growth in yeast, all of the other exosome subunits are
essential for viability. These observations suggest impor-
tant roles for the noncatalytic subunits that may include
recruitment of specific RNA substrates, perhaps via the
conserved surfaces on respective S1 domains or the abil-
ity to interact with and organize other catalytic or regula-
tory factors. Continued structure/function analysis of
exosome proteins and intact exosome particles will be re-
quired to elucidate the contributions of individual subunits
to the complex network of interactions that underlie RNA
exosome biology.
EXPERIMENTAL PROCEDURES
Cloning, Expression, and Purification
Accession numbers are in Table S1. Human genes were PCR amplified
from placental cDNA (Ambion, Inc.) using Pfu Turbo DNA polymerase
(Stratagene). hRRP41 and hRRP45 were inserted into pETDuet-1
(Novagen) to encode N-terminal (Nt) His6-hRrp45/Rrp41. hRRP42
and hMTR3 were inserted into pRSFDuet-1 to encode His6-hRrp42/
Mtr3. hRrp4, hRrp40, or hCsl4 were expressed as Nt His6-fusions in
pRSFDuet-1. hRRP43 and hRRP46 were inserted into pSMT3. Muta-
tions were introduced by site-directed mutagenesis (QuikChange;
Stratagene). Yeast genes were PCR amplified from S. cerevisiae geno-
mic DNA (W303-1A) and inserted as pairs into pRSFDuet-1 to encode
His6-yRrp41/Rrp45, His6-yMtr3/Rrp42, and His6-yRrp46/Rrp43. Yeast
CSL4,RRP4,RRP40,RRP6, andRRP44were cloned into pRSFDuet-1Cell 1to encode Nt His6-fusions. yRrp4 (S2A), yRrp6 (T2A), and yRrp44 (S2A)
contain deliberate point mutations in their second codon to facilitate
cloning. Yeast Rrp42 containsF160L, inherent toW303-1A. Constructs
were confirmed by sequencing.
Human Rrp41/Rrp45, hRrp4, hRrp40, hCsl4, Smt3-hRrp43, Smt3-
hRrp46, yRrp41/Rrp45, yMtr3/Rrp42 and yRrp46/Rrp43, yCsl4,
yRrp4, yRrp40, yRrp6, and yRrp44 were expressed in E. coli BL21
(DE3) CodonPlus (CP)-RIL (Stratagene). Human Rrp42/Mtr3 was
expressed in E. coli BL21 (DE3) Star. SeMet protein was produced in
E. coli B834 (CP RIL) (Hendrickson et al., 1990). Bacterial cultures
were fermented at 37C to A600 of 2-3, induced by 0.75 mM IPTG for
4–6 hr at 25C–30C, except for yRrp46/Rrp43, which was induced
by 250 mM IPTG and 2% ethanol at OD600 = 2 in LB at 18
C for 18 hr.
Cells were harvested, suspended in 50 mM Tris-HCl (pH8.0), 20% w/v
sucrose, 350 mM NaCl, 20 mM imidazole, 0.1% IGEPAL, 1 mM
PMSF, 1 mM b-mercaptoethanol (BME), and 10 mg/ml DNase, and
sonicated. Insoluble material was removed by centrifugation. Proteins
were purified by Ni-NTA (Qiagen), gel filtration (HiLoad 26/60 Superdex
200 pg or HiLoad 26/60 Superdex 75 pg; Pharmacia), or anion
exchange (MonoQ; Pharmacia). After Ni-NTA, Smt3-hRrp46 and
Smt3-hRrp43 were cleaved by Ulp1 and purified by anion exchange.
hRrp43/Mtr3/Rrp42 was purified by gel filtration after mixing hRrp43
and hRrp42/Mtr3. Fractions containing hRrp46, hRrp4, hRrp40,
hCsl4, hRrp45/Rrp41, hRrp42/Mtr3/Rrp43, yRrp41/Rrp45, yMtr3/
Rrp42, and yRrp46/Rrp43, yCsl4, yRrp4, yRrp40, yRrp6, or yRrp44
were concentrated to 4–20 mg/ml in 350 mM NaCl, 20 mM Tris-HCl
(pH8.0), and 1 mM DTT, frozen in liquid nitrogen and stored
at 80C. Protein concentrations were determined by Bradford assay
(Bio-Rad).
Reconstitution and Purification
Reconstitution of Exo6 was attempted by mixing stochiometric ratios
of hRrp41/Rrp45, hRrp43/Mtr3/Rrp42, and hRrp46, or yRrp41/Rrp45,
yMtr3/Rrp42, and yRrp46/Rrp43. Reconstitution of hExo9 mixed
stochiometric ratios of hRrp41/Rrp45 (or mutations therein) with hRrp43/
Mtr3/Rrp42, hRrp46, hCsl4, hRrp4, and hRrp40. Reconstitution of
yExo9 included yRrp41/Rrp45, yMtr3/Rrp42, yRrp46/Rrp43, yCsl4,
yRrp4, and yRrp40, but required a 2.5:1 molar ratio of yRrp46/Rrp43
because yRrp46 was present in substochiometric quantities due to
prior degradation. Reconstitution of yExo10 and yExo11 included the
nine subunits described above plus yRrp44, or yRrp44 and yRrp6, re-
spectively. Mixtures (0.5–2 ml at 3–5 mg/ml for small scale, 5 ml at 3–5
mg/ml for large scale) were dialyzed overnight at 4C against reconsti-
tution buffer (50 mM NaCl, 20 mM Tris-HCl [pH 8.0], and 1 mM BME).
Mixtures were applied to a HiLoad 26/60 Superdex 200 pg column
equilibrated with reconstitution buffer. Fractions containing the desired
proteins were analyzed by electrophoresis (4%–12% Nu-PAGE gels;
MES buffer [Invitrogen], stained with Coomassie blue or SYPRO
Ruby [BioRad]), pooled, concentrated to 6–9 mg/ml in 10 mM Tris-
HCl, 50 mM NaCl, 1 mM DTT, frozen in liquid nitrogen, and stored
at 80C. SeMet proteins were treated as above. From starting strains
to final fractions, reconstitution takes 4–6 weeks, yielding 0.4 mg/L of
bacterial culture for hExo9 and 0.3 mg/L for yExo9, yExo10, and
yExo11.
Crystallization and Structure Determination
hExo9 was crystallized at 18C by vapor diffusion against 4.5%–8% w/v
PEG4000, 0.1 M sodium citrate (pH 5.1–5.5), 1 mM TCEP. Additives
(3% glycerol or PEG400) sometimes improved crystal quality. Crystals
grew to 200 mm3 200 mm3 150 mm after 20 days and were transferred
into 8% w/v PEG4000, 0.1 M sodium citrate (pH 5.3), 1 mM TCEP, 25%
glycerol before flash-cooling in liquid nitrogen. Crystals were trans-
ferred to solutions containing 1 mM Ta6Br12 or 10 mM NaWO4 for
2–4 hr prior to flash-cooling. SeMet hExo9 (hRrp4, hRrp40, and
hCsl4 or hRrp41/Rrp45) was prepared as above. Data were reduced
using DENZO/SCALEPACK (Otwinowski and Minor, 1997). Initial
Ta6Br12 positions were determined by SOLVE (Terwilliger, 2003),27, 1223–1237, December 15, 2006 ª2006 Elsevier Inc. 1235
Ta and Se positions by anomalous difference Fourier analysis. Heavy
atom positions were used to calculate phases to 3.45 A˚ using
MLPHARE (CCP4, 1994). After density modification (DM; CCP4,
1994), the model was built using O (Jones et al., 1991). The model in-
cludes 2213 of 2575 aa, including hRrp41 (6–240), hRrp45 (1–302
plus a 38 aa helix modeled as polyserine), hRrp46 (25–65, 72–235),
hRrp43 (7–276), hMtr3 (29–72, 92–270), hRrp42 (5–172, 179–285),
hRrp4 (25–114, 128–211, 218–292), hRrp40 (16–50, 74–274), and
hCsl4 (6–185). The model exhibits excellent geometry with 75% in
favorable, 25% in allowed, and no residues in disallowed regions of
the Ramachandran plot.
Biochemical Assays
Exoribonuclease activities were conducted in reaction buffer (10 mM
Tris-HCl [pH 8.0], 10 mM DTT, 50 mM KCl, 5 mM MgCl2, 1 U/ml RNase
inhibitor [NEB]) at 37C with or without addition of 10 mM NaPO4 (pH =
8.0). Protein titrations (100 pM–1.0 mM) were used to initially gauge
activity. Yeast Rrp41/Rrp45 was also assayed at 30C. Data presented
in Figure 5 utilized enzymes at 100 nM. Figures 6 and 7 utilized human
enzymes at 100 nM and yeast enzymes at 10 nM. RNA substrates were
synthesized with a 50 fluorescein and HPLC-purified (Invitrogen;
sequences in Figure S5). All assays include RNA substrate at 10 nM.
Assays in Figure 5 were conducted in 20 mL, and samples were re-
moved after 45 min. Time course assays were performed in 100 mL,
and 10 ml aliquots were removed at indicated times (Figures 5–7). Sam-
ples were quenched with TBE loading buffer and 10 mM EDTA, frozen
in liquid nitrogen, and stored at 80C. To prevent gel shifts, reactions
with human enzymes were quenched by adding 10 mg proteinase K, in-
cubating for 2 min (37C) prior to adding TBE loading buffer. Samples
were heated to 90C for 30 s and analyzed using 15% polyacrylamide
TBE-Urea gels and TBE running buffer (Invitrogen) at 180 volts for 1 hr.
Gels were scanned using a Fuji FLA-5000 and processed and analyzed
with Fuji Film Multi-Gauge V2.02 using a linear scale.
Supplemental Data
Supplemental data include four figures and one table and can be found
with this article online at http://www.cell.com/cgi/content/full/127/6/
1223/DC1/.
ACKNOWLEDGMENTS
We would like to thank Axel Brunger for his assistance during imple-
mentation of CNS 1.2. Use of the Advanced Photon Source (APS) is
supported by the U.S. Dept. of Energy, Office of Science, Office of
Basic Energy Sciences, under W-31-109-Eng-38. Use of NE-CAT
beamline at Sector 24 is based upon research conducted at the North-
eastern Collaborative Access Team beamlines of the APS, which is
supported by award RR-15301 from the NCRR at the NIH. GM/CA
CAT has been funded in whole or in part with Federal funds from the
NCI (Y1-CO-1020) and the NIGMS (Y1-GM-1104). C.D.L. is a Rita Allen
Foundation Scholar.
Received: October 4, 2006
Revised: October 16, 2006
Accepted: October 20, 2006
Published: December 14, 2006
REFERENCES
Allmang, C., Kufel, J., Chanfreau, G., Mitchell, P., Patfalksi, E., and
Tollervey, D. (1999). Functions of the exosome in rRNA, snoRNA and
snRNA synthesis. EMBO J. 18, 5399–5410.
Aloy, P., Ciccarelli, F.D., Leutwein, C., Gavin, A.C., Superti-Furga, G.,
Bork, P., Bottcher, B., and Russell, R.B. (2002). A complex prediction:
three-dimensional model of the yeast exosome. EMBO Rep. 3, 628–
635.1236 Cell 127, 1223–1237, December 15, 2006 ª2006 ElsevierAnderson, J.S., and Parker, R. (1998). The 30 to 50 degradation of yeast
mRNAs is a general mechanism for mRNA turnover that requires the
SKI2 DEVH box protein and 30 to 50 exonucleases of the exosome
complex. EMBO J. 17, 1497–1506.
Anderson, J.R., Mukherjee, D., Muthukumaraswamy, K., Moraes, K.C.,
Wilusz, C.J., and Wilusz, J. (2006). Sequence-specific RNA binding
mediated by the RNase PH domain of components of the exosome.
RNA 12, 1810–1816.
Araki, Y., Takahashi, S., Kobayashi, T., Kajiho, H., Hoshino, S., and
Katada, T. (2001). Ski7p protein interacts with the exosome and the
Ski complex for 30 to 50 mRNA decay in yeast. J. Biol. Chem. 277,
21624–21629.
Beelman, C.A., and Parker, R. (1995). Degradation of mRNA in Eukary-
otes. Cell 81, 179–183.
Brunger, A.T., Adams, P.D., Clore, G.M., DeLano, W.L., Gros, P.,
Grosse-Kunstleve, R.W., Jiang, J.S., Kuszewski, J., Nilges, M., Pannu,
N.S., et al. (1998). Crystallography & NMR system: A new software
suite for macromolecular structure determination. Acta Crystallogr.
D54, 905–921.
Burkard, K.T., and Butler, J.S. (2000). A nuclear 30-50 exonuclease
involved in mRNA degradation interacts with Poly(A) polymerase and
the hnRNA protein Npl3p. Mol. Cell. Biol. 20, 604–616.
Buttner, K., Wenig, K., and Hopfner, K.-P. (2005). Structural framework
for the mechanism of Archaeal exosomes in RNA processing. Mol. Cell
20, 461–471.
Chen, B., Vogan, E.M., Gong, H., Skehel, J.J., Wiley, D.C., and Harri-
son, S.C. (2005). Determining the structure of an unliganded and fully
glycosylated SIV gp120 envelope glycoprotein. Structure 13, 197–211.
Chen, C., Gherzi, R., Ong, S., Chan, E.L., Raijmakers, R., Pruijn,
G.J.M., Stoecklin, G., Moroni, C., Mann, M., and Karin, M. (2001).
AU binding proteins recruit the exosome to degrade ARE-containing
mRNAs. Cell 107, 451–464.
Cheng, Z.F., and Deutscher, M.P. (2005). An important role for RNase
R in mRNA decay. Mol. Cell 17, 313–318.
Collaborative Computational Project (1994). The CCP4 suite: programs
for protein crystallography. Acta Crystallogr. D50, 760–763.
Coller, J., and Parker, R. (2004). Eukaryotic mRNA decapping. Annu.
Rev. Biochem. 73, 861–890.
DeLaBarre, B., and Brunger, A.T. (2006). Considerations for the refine-
ment of low-resolution crystal structuers. Acta Crystallogr. D Biol.
Crystallogr. 62, 923–932.
DeLano, W.L. (2002). The PyMOL Molecular Graphics System. (San
Carlos, CA: DeLano Scientific).
Estevez, A.M., Lehner, B., Sanderson, C.M., Ruppert, T., and Clayton,
C. (2003). The roles of intersubunit interactions in exosome stability.
J. Biol. Chem. 278, 34943–34951.
Evguenieve-Hackenberg, E., Walter, P., Hochleitner, E., Lottspeich, F.,
and Klug, G. (2003). An exosome-like complex in Solufolobus solfatar-
icus. EMBO Rep. 4, 889–893.
Graham, A.C., Kiss, D.L., and Andrulis, E.D. (2006). Differential distri-
bution of exosome subunits at the nuclear lamina and in cytoplasmic
foci. Mol. Biol. Cell 17, 1399–1409.
Hendrickson, W.A., Horton, J.R., and LeMaster, D.M. (1990). Seleno-
methionyl proteins produced for anomalous diffraction (MAD): a vehicle
for direct determination of three-dimensional structure. EMBO J. 9,
1665–1672.
Hernandez, H., Dziembowski, A., Taverner, T., Seraphin, B., and Rob-
inson, C.V. (2006). Subunit architecture of multimeric complexes
isolated directly from cells. EMBO Rep. 7, 605–610.
Hilleren, P., and Parker, R. (1999). Mechanisms of mRNA surveillance
in eukaryotes. Annu. Rev. Genet. 33, 229–260.Inc.
Jiang, T., and Altman, S. (2002). A protein subunit of human RNase P,
Rpp14, and its interacting partner, OIP2, have 30/50 exoribonuclease
activity. Proc. Natl. Acad. Sci. USA 99, 5295–5300.
Jones, T.A., Zou, J.Y., Cowan, S.W., and Kjeldgaard, M. (1991).
Improved methods for building protein models in electron density
maps and the location of errors in these models. Acta Crystallogr.
A47, 110–118.
LaCava, J., Houseley, J., Saveanu, C., Petfalski, E., Thompson, E., Jac-
quier, A., and Tollervey, D. (2005). RNA degradation by the exosome
is promoted by a nuclear polyadenylation complex. Cell 121, 713–724.
Landau, M., Mayrose, I., Rosenberg, Y., Glaser, F., Martz, E., Pupko,
T., and Ben-Tal, N. (2005). ConSurf 2005: the projection of evolutionary
conservation scores of residues on protein structures. Nucleic Acids.
Res. 33, W299–W302.
Lima, C.D., Klein, M.D., and Hendrickson, W.A. (1997). Structure-
based analysis of catalysis and substrate definition in the HIT protein
family. Science 278, 286–290.
Lorentzen, E., Walter, P., Fribourg, S., Evguenieve-Hackenberg, E.,
Klug, G., and Conti, E. (2005). The archaeal exosome core is a hexame-
ric ring structure with three catalytic subunits. Nat. Struct. Mol. Biol. 12,
575–581.
Lorentzen, E., and Conti, E. (2005). Structural basis of 30 end RNA
recognition and exoribonucleolytic cleavage by an exosome RNase
PH core. Mol. Cell 20, 473–481.
Lorentzen, E., and Conti, E. (2006). The exosome and the proteasome:
nano-compartments for degradation. Cell 125, 651–654.
Mitchell, P., Petfalsky, E., Shevchenki, A., Mann, M., and Tollervey, D.
(1997). The exosome: A conserved eukaryotic RNA processing com-
plex containing multiple 30/50 exoribonucleases. Cell 91, 457–466.
Moore, M.J. (2005). From birth to death: the complex lives of eukary-
otic mRNAs. Science 309, 1514–1518.
Mossessova, E., and Lima, C.D. (2000). Ulp1-SUMO crystal structure
and genetic analysis reveal conserved interactions and a regulatory
element essential for cell growth in yeast. Mol. Cell 5, 865–876.Cell 1Nicholls, A., Sharp, K.A., and Honig, B. (1991). Protein folding and as-
sociation: insights from the interfacial and thermodynamic properties
of hydrocarbons. Proteins. 11, 281–296.
Otwinowski, Z., and Minor, W. (1997). Processing of X-ray diffraction
data collected in oscillation mode. Methods Enzymol. 276, 307–326.
Raijmakers, R., Schilders, G., and Pruijn, G.J. (2004). The exosome,
a molecular machine for controlled RNA degradation in both nucleus
and cytoplasm. Eur. J. Cell Biol. 83, 175–183.
Raijmakers, R., Egberts, W.V., van Venrooij, W.J., and Pruijn, G.J.
(2002). Protein-protein interactions between human exosome compo-
nents support the assembly of RNase PH-type subunits into a six-
membered PNPase-like ring. J. Biol. Chem. 323, 653–663.
Symmons, M.F., Jones, G.H., and Luisi, B.F. (2000). A duplicated fold
is the structural basis for polynucleotide phosphorylase catalytic activ-
ity, processivity, and regulation. Structure 8, 1215–1226.
Terwilliger, T.C. (2003). SOLVE and RESOLVE: automated structure
solution and density modification. Methods Enzymol. 374, 22–37.
van Hoof, A., Lennertz, P., and Parker, R. (2000). Yeast exosome
mutants accumulate 30-extended polyadenylated forms of U4 small
nuclear RNA and small nucleolar RNAs. Mol. Cell. Biol. 20, 441–452.
Vanacova, S., Wolf, J., Martin, G., Blank, D., Dettwiler, S., Friedlein, A.,
Langen, H., Keith, G., and Keller, W. (2005). A new yeast poly(A) poly-
merase complex involved in RNA quality control. PLoS Biol. 3, e189.
Wang, Z., and Kiledjian, M. (2001). Functional link between the mam-
malian exosome and mRNA decapping. Cell 107, 751–762.
Wilusz, C.J., and Wilusz, J. (2004). Bringing the role of mRNA decay in
the control of gene expression into focus. Trends Genet. 20, 491–497.
Wyers, F., Rougemaille, M., Badis, G., Roussell, J., Doufour, M., Bou-
lay, J., Regnault, B., Devaux, F., Namane, A., Seraphin, B., et al. (2005).
Cryptic Pol II transcripts are degraded by a nuclear quality control
pathway involving a new poly(A) polymerase. Cell 121, 725–737.
Accession Numbers
Structure factors and coordinates have been deposited in the RCSB
Protein Data Base with accession code 2NN6.27, 1223–1237, December 15, 2006 ª2006 Elsevier Inc. 1237
